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SUMMARY. The influence of inhibition of the Na + pump, with secondary stimulation of Na + -Ca ++ exchange, on cellular Ca ++ distribution is examined using the on-line scintillation disk technique and cultured neonatal rat myocardial cells. Under control conditions, La +++ displaced 78.1 ± 1.13% (SEM) of the total cell associated 45 Ca. Application of 1 DIM ouabain or reduction of [K + ] o to 0.5 mti resulted in a net increase of 10.6 ± 1.3% and 13.8 ± 2%, respectively, in total cell-associated Ca ++ . Of this added 45 Ca, 75.9 ±2.7% and 78.4 ± 2.1%, respectively, remained La +++ -displaceable. The 45 Ca-binding characteristics of isolated sarcolemma, prepared from the cultured neonatal rat myocardial cells using the gas dissection technique, were examined. When treated with either ouabain or low [K + ] o solutions, sarcolemmal 45 Ca binding did not change. This result indicates that functional, intact tissue is necessary to observe the Ca ++ increase. Treatment of the cells with verapamil before and during ouabain exposure failed to inhibit the ouabain-induced increase in cell-associated 45 Ca. The evidence indicates that inhibition of the Na + -pump, and secondary stimulation of Na + -Ca ++ exchange, result in a net increase of 11-15% in cell-associated Ca ++ , 78% of which remains La +++ -displaceable and is, therefore, localized to the sarcolemma-glycocalyx complex. (Cite Res 51: 543-550, 1982) BECAUSE of the multiple compartments for Ca ++ in heart tissue (Langer, 1964; Bailey et al., 1972) , it has been difficult to assess, quantitatively, the role which extracellular Ca ++ (including membrane bound Ca ++ ) plays in the regulation of cardiac contractility. This problem can be approached in monolayers of cultured neonatal rat myocardial cells because, in this system, Ca ++ fluxes and compartmentalization can be manipulated (Langer and Nudd, 1980; Ponce-Hornos et al., 1982) . In this study, conditions favorable to the examination of the role of extracellular Ca ++ were utilized. Ouabain, at concentrations known to inhibit the Na + ,K + -ATPase (McCall, 1979) , and low [K] o were used to alter the transmembrane Na + gradient. The influence of this alteration on 45 Ca exchange and distribution was examined.
In previous studies, Langer and Serena (1970) observed an increase in Ca ++ influx as a result of glycoside application in rabbit interventricular septum. They proposed that the augmented influx was mediated by increased Na + -Ca ++ exchange. Nayler (1973) demonstrated that when dog trabeculae are exposed to inotropic doses of ouabain they exhibit an increase in La +++ -displaceable Ca ++ . Similarly, Carrier et al. (1974) demonstrated, in "aged" guinea pig atria, an increase in the fast-exchanging Ca ++ compartment in response to ouabain application. They suggested that this compartment was superficially located. Neither of these studies tested for possible changes in the extracellular space, which renders the data inconclusive. In addition, neither of these studies quantified the magnitude of the increase in Ca ++ -binding or the time course of the increase. However, both the Nayler and Carrier studies concluded that the increase in superficial binding of Ca ++ was related in a causal fashion to the inotropic response. Other evidence demonstrates that binding of ouabain to the Na + ,K + -ATPase increases the affinity of the ATPaselipid complex for Ca ++ (Gervais et al., 1977) . This result indicates that ouabain has a direct effect on the Ca ++ -binding properties of the membrane. In the present study, use is made of cultured myocardial cells and an "on-line" technique for continuous monitoring of Ca ++ fluxes. Temporal changes in cell-associated Ca ++ as a result of inhibition of the Na + ,K + -ATPase, and stimulation of the Na + -Ca ++ exchanger are quantified, and the mechanism of the observed increase in La +++ -displaceable Ca ++ is examined.
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Preparation of Cells and Sarcolemmal Membranes
Monolayer cultures of neonatal rat hearts (0-2 days old) were prepared using the culturing techniques of Harary and Farley (1963) , with the modification of Blondel et al. (1971) for reduction of fibroblast contaminants. The cells were grown on disks composed of polystyrene combined with a scintillant (Nuclear Enterprises). The disks were treated (Falcon) to improve cell adhesion. The cells were used for experimentation 2-4 days after culturing. At this time, a synchronously beating, confluent monolayer of cells had formed which, in general, was composed of at least 80% myoblasts (Langer et al., 1976) .
Sarcolemmal membranes were prepared according to procedures developed by Langer et al. (1978) . A high-velocity stream of nitrogen gas is directed across the surface of a monolayer of cultured cells grown on disks, as described above. With the proper velocity and orientation, the uppermost cell membranes are torn open and the intracellular contents blown out. The cell membranes remain rolled and flattened against the disk. This entire procedure requires less than a second and results in membranes with a high degree of structural and enzymatic purity, with less than 1% intracellular residue as measured by the absence of intracellular enzymes and absence of previously loaded 42 K.
Technique for Measuring Isotopic Exchange
The exchange of 45 Ca was monitored by the scintillation disk-flow cell technique, which previously has been described in detail (Langer et al., 1979; Langer and Nudd, 1980) . Briefly, the disks with attached cells (described above) form the walls of a flow cell, with the cells facing inward so that they can be continuously perfused. The flow cell is then inserted into the well of a modified Beta-Mate II Spectrometer (Beckman Instruments) such that the disks are directly apposed to the photomultiplier tubes. By this technique, 45 Ca associated with the cells can be continuously monitored. All experiments were performed at 22-24°C.
The perfusate in all experiments, except where specified, had the following composition (in IHM): NaCl, 133; KG, 3.6; CaCl 2 , 10; MgCI 2 , 0.3; glucose, 16.0; /V-hydroxyethylpiperazine-A/-2-ethanesulfonic acid (Hepes) buffer, 3.0. The pH was adjusted to 7.2. Perfusion rate was 10 ml/min except for efflux studies for which the rate was increased to 24 ml/ min. Solutions containing 45 Ca (ICN) had a specific activity of 1 /iCi/ml. Ouabain (Sigma) and verapamil (Knoll Pharmaceuticals) were added as solids to make final concentrations as specified.
The Ca. The cells then were scraped onto a preweighed piece of Millipore filter paper. The flow cell then was reassembled (now minus the cell layer) and the effects of the same experimental solutions on the "blank" discs were determined. The cells were dried overnight (100°C) and the dry weight was obtained. Ca-containing standard perfusate for the intervention period. At the completion of the experiment, a blank was determined after removal of the membranes from the disk.
42
K efflux studies were also performed by means of the scintillation disk flow cell technique. The disks with cells were assembled into the flow cell device. The chamber was then filled with 42 Kcontaining perfusate (1 fiC/m\) and the cells were allowed to incubate in this solution for 1 hour. Washout of the 42 K then was started. Washouts were performed at a flow rate of 25 ml/min in standard Hepes buffer until a monoexponential efflux pattern was established (about 2-3 minutes after start of washout). The perfusate then was switched to standard perfusate containing 1 ITIM ouabain or to standard perfusate with a reduced K + concentration, and the washout was continued for another 20 minutes. Net losses of 42 K could be determined easily by comparison of the efflux pattern during the intervention to the control monoexponential curve.
Data Analysis
To determine whether the cells in each portion of an experiment were truly in steady state with respect to 45 Ca labeling, a linear regression was performed on the apparent asymtotic portions of the curves. In every case, the rvalues for the regression line indicated that the slopes were not different from zero (P always » 0.05). As a consequence of this determination, the mean and standard error of the mean of the points which formed the asymtotic portions of the curves were determined. This standard error about the mean is indicated in the appropriate figures. A Student's ftest (two-tailed) for the comparison of means with assumed unequal variances was performed for each experiment to compare the 45 Ca level prior to the intervention with the 45 Ca level during the intervention. The magnitude of the response to the intervention was more than 7 times the SEM in 17 of 19 experiments, and more than 4 times the SEM in the remaining two. P values were less than 0.001 in all but two experiments. In these, the P values were 0.005 and 0.05. The mean value for La +++ -displaceable Ca ++ , expressed as the percent of total detectable 45 Ca ± SEM, from all of the control experiments was compared (using a r-test with assumed unequal variance) to the means of the ouabain and 0.5 K + experiments.
Results Figure 1 illustrates the influence of 1CT 3 M ouabain on the uptake of 45 Ca in cultured myocardial cells. The response is biphasic with an early elevated plateau period (phase 1) followed by a period of progressive loading (phase 2). The duration of the phase Ca (Langer and Frank, 1972) . Figure 2 illustrates an experiment in which La +++ was added either after a control period or during phase 1 of the ouabain response. After the La +++ -displacement period, the cells were processed as described in the Methods section to determine the non-La +++ -displaceable counts. The La +++ -displaceable 45 Ca from the control and ouabain experiments was determined by subtraction of the counts remaining after La +++ displacement from the counts present immediately prior to La +++ application. The size of the increment of 45 Ca added upon ouabain administration was determined by subtraction of the counts present during the control period (immediately prior to ouabain exposure) from the counts present during the last 10 minutes of the phase 1 plateau (the first 10 minutes of the plateau represent the equilibration time of the flow cell). The data from 12 control and 11 ouabain experiments (see Table 1 (Langer and Frank, 1972) . The quantity of 45 Ca remaining with the tissue after La +++ -displacement in ouabain-treated cells was significantly increased, to 66.4 ± 5.3% (n = 9) of the total 45 Ca, as compared to control cells, 21.9 ± 1.13% (P« 0.001). The ouabainadded component represented 54.0 ± 6.8% of the total detectable 45 Ca (see Table 1 ). The Ca ++ added during phase 2 of the ouabain response exchanges slowly (A = 0.0227 ± 0.004 min" 1 , n = 15), as illustrated in Figure 3 . In this example, the washout was initiated after 15,000 cpm had been added to the tissue. Ca is unique to ouabain application or a general response to Na + pump inhibition, another intervention which acts to decrease Na + pump activity was examined. This intervention is reduction in [K + ] o (for review, see Schwartz et al., 1975) . As illustrated in Figure 4 , reduction of [K + ] o from 3.6 min to 0.5 min results in an increase in cell-associated 45 Ca. The same procedure described above for determination of the l00,000r Table 1 ).
In the present study, our goal was to stimulate Na + -Ca ++ exchange via inhibition of the Na + ,K + -ATPase. Therefore, the maximum concentration of ouabain which caused no irreversible cellular damage, 10~3 M, was selected. In addition, an alternate method (reduction of extracellular [K + ]) of blocking the Na + ,K + -ATPase was examined. The results of both interventions were essentially identical. The ability of the cells to recover normal behavior following these interventions was examined. These cells have previously been shown to recover normal electrical and contractile activity within 5 minutes after removal of the drug following exposure to 10~3 M ouabain for as long as 1.5 hours (Burt, 1982) . In addition, the 45 Ca added during the plateau phase and during phase 2 is lost upon removal of the drug. In two of three ouabain experiments in which a ouabain-induced plateau phase had been established, 45 Ca levels returned toward normal upon removal of the drug. (Mullins and Brinley, 1969; Glitsch, 1979; McCall, 1979; Glitsch et al v In addition, we examined the effects of both 10~3 M ouabain and 0.5 urn [K + ] o on the K + efflux pattern of these cells. The magnitude of net K loss is a very sensitive indicator of glycoside toxicity in the intact tissue (Regan et al., 1969; Langer and Serena, 1970) . In eight experiments, the rates of 42 K efflux from cells under control conditions and during exposure to 10~3M ouabain were compared. Five of these experiments showed no effect or a decreased rate of efflux during the ouabain exposure. Two showed a small transient increase in the 42 K efflux rate followed by a return to the control rate within 1-2 minutes. Only one experiment showed a sustained increased rate of Ca labeling pattern fibroblasts was examined. In two experiments, the application of ouabain had no effect on the 45 Ca-labeling pattern of these cells. However, the application of 0.5 mM [K + ] o to fibroblasts resulted in a slow linear labeling pattern (two experiments). The relative contribution of the fibroblasts in a mixed culture, where they compose not more than 20% of the total number of cells (McCall, 1979; Langer and Nudd, 1980) Ca binding to isolated membranes. Membranes were prepared from the cultured cells according to the "gas dissection" procedure developed by Langer et al. (1978) . As illustrated in Figure 5 , neither ouabain (four experiments with or without added ATP and Mg) or 0. '-Ca. noted that these membranes demonstrate Na + ,K + -ATPase activity (Langer et al., 1978) .
Since the increase in cell-associated 45 Ca that occurs upon inhibition of the Na + ,K + -ATPase appears to require an intact functioning cell, it was of interest to determine whether the increase was dependent on activation of the Ca ++ slow inward current channel. This possibility was tested by application of verapamil. Verapamil blocks the slow inward current (Kass and Tsien, 1975) and inhibits beating activity, in this preparation (Burt, 1982) . An example of an experiment in which cells were exposed to 5 X 10~5 M verapamil followed by application of 1 mM ouabain (verapamil maintained at 5 X 10~5 M) is illustrated in Figure 6 . In this experiment, and in three others, the onset of the ouabain-induced increase was delayed, but the magnitude of the response was similar to that observed in experiments in which verapamil was not present. In a similarly designed experiment in which La +++ rather than verapamil preceded the application of ouabain, augmented Ca uptake remained under these conditions, an indication of minimal involvement of the slow inward current. Upon close examination of Figure 6 , however, it can be seen that the increase in 45 Ca uptake is delayed as compared to the same experiment without verapamil ( Figs. 1 and 2) . As an inhibitor of the slow inward current, verapamil would reduce Na + influx (through i S i), and, as a consequence, it is expected to delay a Na + i-mediated response. These results are consistent with the conclusion that, coincident with stimulation of Na + -Ca ++ exchange, there is an increase in 45 Cauptake, 78% of which is La +++ -displaceable and therefore surface bound.
It is interesting to compare the results presented here to those of Biedert et al. (1979) and Barry et al. (1981) . These authors examined the influence of ouabain on the contractile state and cellular contents of Na + and Ca ++ in cultures of chick embryo ventricular cells. The inotropic response was accompanied by an increase in the cellular content of Ca ++ which was in a rapidly exchangeable phase. After removal of the glycoside, the contractile activity and cellular Ca ++ content returned to normal after 7 minutes. Our results confirm these results, in that inhibition of the Na + ,K + -ATPase leads to an increase in surface bound Ca ++ .
It is important to emphasize here that it is not our purpose to define the mechanism of the inotropic response to glycoside application. However, it should be noted that application of 10~3 M ouabain, or reduction of extracellular K + to 0.5 min, caused no irreversible alterations of the contractile or electrical activities of these cells (Burt, 1982) 
